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ABSTRACT 
Carbonate deposition at two core sites in the subarctic Pacific (48 ° N, 133 ° W; 2.9 km and 3.7 km~water depth) follows the 
standard Pacific carbonate cycles, with glacial values being increased over interglacial values. Benthic 613C follows the global 
trend; that is, glacial values are more negative than interglacial values. Comparison with the benthic 613C record of North 
Atlantic DSDP Site 552 (56 ° N, 23 o W; 2.3 km water depth) shows the North Pacific records to be nearly in phase with and 
continuously more negative relative to the North Atlantic record. This suggests that concentrations of ~CO2(org ) were 
permanently higher in the North Pacific than in the North Atlantic during the past 750,000 years conceivably supporting the 
hypothesis that there was no deep-water forming in the late Pleistocene North Pacific. Whereas one would expect that the 
North Pacific deep waters were continuously more corrosive to carbonates than deep waters in the North Atlantic, carbonate 
deposition at the deep North Pacific core sites is enhanced uring glacial periods, and occasionally higher than at shallow 
North Atlantic Site 552 even though Site 552 was probably above lysocline-depth during most of the late Pleistocene. This 
apparent paradox can be resolved only by invoking an increase in alkalinity in the glacial North Pacific which would have 
increased the degree of carbonate ion saturation and thereby improved the state of carbonate preservation. 
1. Introduction 
Variations in the ocean's carbonate system 
through time are of fundamental interest for 
chemical oceanography and paleoclimatology. 
Such variations affect the carbon dioxide buffer 
capacity of the ocean and have the potential of 
significantly enhancing fluctuations of atmo- 
spheric CO 2. Chemistry-oriented ocean-climate 
models call for enhanced carbonate dissolution 
and subsequent alkalinity readjustments [1-6] as 
one possible mechanism for reducing the CO z 
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concentration i the glacial atmosphere. The sedi- 
mentary record obtained from Atlantic and Pacific 
Ocean core sites, however, suggests that carbonate 
deposition has varied between in-phase and out- 
of-phase fluctuations between both ocean basins 
during the late Pleistocene [7,8] implying that 
carbonate dissolution was not the same in the 
world ocean. These patterns have been broadly 
attributed to a redistribution of carbonate ions 
between both oceans induced by changing deep- 
water circulation. At the same time benthic for- 
aminiferal 613C records obtained from Pacific and 
Atlantic sediment cores show a nearly coherent 
pattern, the Pacific •13C values being continu- 
ously lower by 1.0-1.5%o than the Atlantic values 
[9,10] suggesting that the chemical asymmetry, 
and conceivably also the advective flow of deep 
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waters between the Atlantic and Pacific, was rea- 
sonably stable during glacial-interglacial times. 
This apparent paradox points to some basic re- 
organization within the ocean's carbon cycle dur- 
ing glacial-interglacial times. We present new be- 
nthic isotope and carbonate records of two sedi- 
ment cores from the deep subarctic Pacific. Com- 
parison of the core profiles with similar records 
available from shallow North Atlantic DSDP Site 
552 implies a nearly out-of-phase response of 
carbonate deposition to climatic change between 
the North Pacific and the North Atlantic. At the 
same time the interoceanic offset of benthic 613C 
between DSDP Site 552 and our North Pacific 
sites has remained nearly constant. Continuously 
low 613C values suggest hat the concentration of
Y.CO 2 derived from the oxidation of organic matter 
was higher in the North Pacific than in the North 
Atlantic during the past 750,000 years. Whereas 
this should have resulted in a continuously en- 
hanced carbonate dissolution in the North Pacific, 
carbonate deposition there was higher during gla- 
cial times supporting the hypothesis that oceanic 
alkalinity was higher in the glacial ocean [4]. 
2. Analytical methods and results 
2.1. Stable isotope stratigraphy and sedimentation 
rates 
Stable isotope records were measured for North 
Pacific cores END77-29 (48°34'N, 133 ° 57'W; 
3695 m) and Y70-5-64 (48 ° 25'N, 132 ° 46'W; 
2944 m). Both cores were continuously sampled at 
10 cm intervals. In addition, sub-samples were 
taken at 5 cm intervals for the upper two meters 
of core Y70-5-64 in order to improve the resolu- 
tion of the stable isotope and carbonate stratigra- 
phies of the last two climatic cycles. A higher 
sampling density is unlikely to have improved our 
stratigraphies since sedimentation rates at both 
core sites are low and fluctuations of carbonate 
and foraminiferal bundances are high. This makes 
the down-core records more susceptible to bio- 
turbational smoothing than records from core sites 
where sedimentation rates are high (see below). 
The isotope measurements were run at Christian 
Albrechts University of Kiel (CAU) and at Oregon 
State University (OSU) on Finnigan MAT 251 
mass spectrometers. Calibration of the mass spec- 
trometers at CAU and OSU was done through 
National Institute of Standards and Technology 
"NBS" carbonate standards 19 and 20, and an 
internal working standard (Solenhofen Limestone, 
similar to NBS 20). External precision (including 
carbonate preparation and spectrometric analysis) 
for 8180 and 813C at OSU is better than respec- 
tively 0.1%o and 0.06%0, and better than respec- 
tively 0.07%0 and 0.04%0 at CAU. All isotope data 
are listed in Appendix A and B. 
Isotope measurements were carried out mostly 
on benthic foraminifer Cibicidoides wuellerstorfi, 
some isotope data were measured on Uoigerina 
spp. (mostly (U. peregrina and U. auberiana). The 
oxygen isotope data are reported on the Uvigerina 
scale of 6180 which is believed to be closest to 
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isotope equi l ibr ium as defined by temperature and 
oxygen isotope composit ion of the ambient  water 
masses [11]. 6180 data of C. wuellerstorfi were 
converted into equivalent values of Uvigerina by 
adding 0.64%0 which is a well-accepted conversion 
factor for both genera [11], and which is closely 
reproduced by our data (Fig. 1). Similarly, 613C 
data of Uvigerina were converted into equivalent 
values of C. wuellerstorfi which is believed to 
record the 613C signal of ambient  water Y~CO 2 ([9] 
and references therein). This conversion appears 
to be just i f ied because we have not observed any 
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Fig. 2a. Oxygen isotope records of cores Y70-5-64 and END77-29 versus age. The Specmap global stack of ~180 (top, from [15]) has 
been used as the time-scale reference. 
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Fig. 2b. Carbon isotope records (Cibicidoides cale) of cores Y70-5-64 and END77-29 versus age. 
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systematic shifts of the interspecific ~13C dif- 
ference along the cores, and because biological 
productivity and the flux of organic matter to the 
sea floor is low in the subarctic North Pacific. 
Potential microhabitat effects [12-14] on the in- 
terspecific ~13C fractionation between Uoigerina 
spp. and C. wuellerstorfi are therefore only a minor 
concern at our North Pacific core sites. In accor- 
dance with the interspecific ~13C offset observed 
at our cores we use here a conversion value of 
0.7%o (Fig. 1). 
The oxygen isotope records of cores Y70-5-64 
and END77-29 show considerable scatter along 
the length of the cores (Fig. 2a). This is probably 
due to the combined effects of low sedimentation 
rates and high-amplitude variations of carbonate 
which allow for more severe distortion of the 
records than is usually encountered. Extremely 
low carbonate contents caused a data gap in core 
Y70-5-64 between 2.6 and 3.4 m. We believe that 
this core section represents interglacial stage 7. 
For core END77-29, some 8180 measurements 
made on samples from the same isotope stage (i.e., 
between 2.3 and 3.0 m) still have glacial values. 
Isotope measurements for this core section were 
made on only 1 to 3 specimens per sample which 
may have been admixed into the stage 7 sediments 
through bioturbation from the high-carbonate gla- 
cial core sections above and below. 
Chronostratigraphies for cores END77-29 and 
Y70-5-64 were developed by visually correlating 
the oxygen isotope records to the Specmap global 
stack of 3180 [15]. Accordingly, core base ages of 
460,000 and 750,000 years for cores END77-29 
and Y70-5-64, respectively, have been obtained 
(Fig. 2a). The derived chronologies were then ap- 
plied to the carbonate records of both cores. 
Fine-tuning of the time scales was done by graphi- 
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cally correlating their carbonate records. This tun- 
ing procedure was necessary because the 6180 
curve structure of some core sections was not 
conclusive as to the exact correlation with the 
Specmap reference 6180 record, especially in the 
low-carbonate sections. The time models imply 
average sedimentation rates of respectively 1.3 and 
1.6 cm 1000 yr -1 for cores END77-29 and Y70-5- 
64 (Fig. 3). Along the sediment cores sedimenta- 
tion rates vary between 0.8 and 2.4 cm 1000 yr 1. 
This yields a mean time resolution [calculated as 
the Nyquist period: N=2\F (sample  interval, 
sedimentation rate)] of the isotope and carbonate 
records between 8.3 and 25 kyr at sampling inter- 
vals of 10 cm. Some rate maxima correlate with 
climatic transitions, e.g., at stage boundaries 5/6 
and 12/13 (Fig. 3), and coincide with massive 
fluxes of ice-rafted debris. Other maxima, e.g., 
during mid-stage 8, have resulted from our at- 
tempt to correlate the oxygen isotope records with 
the corresponding curve structure of the Specmap 
stack. These maxima may be due to inaccuracies 
and irregularities of our isotope records with re- 
spect to the Specmap stack. 
The 813C records of cores Y70-5-64 and 
END77-29 (Fig. 2b) display increased values dur- 
ing interglacial times and more negative values 
during glacial times. Maximum shifts of about 1%o 
are observed in core END77-29 at stage boundaries 
12/11 and 6/5. In both cases the 813C values in 
this core are increased by 0.5%o compared to those 
of core Y70-5-64 pointing to possible distortions 
by bioturbation. Both records show a long-term 
trend towards an apparent mid-Brunhes 813C 
minimum at approximately 360,000 yr B.P. The 
stratigraphic resolution of the 813C records does 
not allow for more specific estimates as to poten- 
tial phase shifts relative to 8~3C records obtained 
from other parts of the world ocean. However, the 
results to date suggest hat the 813C records from 
our North Pacific core sites follow the general 
trend observed for the deep ocean where glacial 
~13C values are more negative than interglacial 
813C values. In this regard, the data confirm the 
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Fig. 3. Age-depth relationships for cores END 77-29 and Y 70-5-64. Oxygen isotope stages are given on top of the age-depth curves, 
mean sedimentation rates for each stage are given below the curves (values for core Y 70-5-64 below those for core END 77-29). 
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hypothesis [16] that the glacial-interglacial carbon 
isotope history of deep-water Y.CO 2 in the sub- 
arctic North Pacific was not much different from 
that of the world ocean. 
2.2. Carbonate records 
Carbonate analyses for core Y70-5-64 were run 
at OSU using a Leco carbon analyzer following 
the analytical procedure described in [17]. The 
average daily reproducibility of carbonate stan- 
dards was better than 0.6% (1 o). Accuracy of this 
system was better than 1.5% as obtained from 41 
replicate carbonate standard measurements and 
from 20 reruns of sediment samples over a period 
of 9 months. Carbonate contents for core END77- 
29 were determined at the Pacific Geoscience 
Centre (PGC) by weight loss after stripping the 
samples with hydrochloric acid. Average repro- 
ducibility of this method was better than 0.6% (1 
o) based on eight replicate sample measurements. 
The carbonate records of cores Y70-5-64 and 
END77-29 are similar in structure and amplitude 
(Fig. 4a). Yet the carbonate minima in the shal- 
lower core Y70-5-64 (2944 m) are close to 0% 
whereas carbonate values at the deeper site 
END77-29 (3695 m) do not fall below 10%. This 
may point to a systematic offset between the two 
analytical procedures employed here. However, 
since these are the first carbonate records availa- 
ble from this area we do not know what the true 
glacial-interglacial carbonate levels are and thus, 
we did not correct either record for potential 
analytical offsets. In the later discussion we will 
focus on the amplitude of variation rather than on 
absolute carbonate values. 
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The carbonate records of cores Y70-5-64 and 
END77-29 show large-scale fluctuations by up Io 
70% (Fig. 4a). Both records display the standard 
Pacific carbonate cycles with enhanced values dur- 
ing glacial times and decreased values during in- 
terglacial times [8,18-23]. Prior to 400,000 yr B.P. 
the profile of core Y70-5-64 shows a gradual in- 
crease of CaCO 3 to the whole-core maximum with 
values close to 80% during isotope stages 13 and 
14. This maximum is followed by a broad mini- 
mum between 300,000 and 400,000 years B.P., and 
the carbonate records thus follow the long-term 
Brunhes pattern of carbonate deposition observed 
e.g., in the equatorial Pacific [24]. 
Fluctuations of percent carbonate are a func- 
tion of carbonate production in the surface ocean, 
dilution with non-carbonate material, and 
carbonate dissolution. In order to eliminate the 
possible effects of dilution we have converted the 
records of CaCO 3 content (weight %) into profiles 
of CaCO~ accumulation (g cm -2 WOO yr 1) (Fig. 
4b). The conversion was made using the empirical 
relationship given in [25] which relates dry bulk 
density to the carbonate content of the sediments. 
Accumulation rates were then calculated as the 
product of sedimentation rate, percent carbonate 
and estimated dry bulk density. The empirical 
equation of [25] was derived from sediment data 
of the equatorial Pacific where the non-carbonate 
fraction consists mostly of diatomaceous opal. 
However, opal has a lower density than ice-rafted 
debris which is the most important non-carbonate 
component in the subarctic North Pacific and 
thus, using the equation of [25] we have probably 
underestimated the density of the non-carbonate 
fraction at our high-latitude core sites. Given these 
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constraints the variations of carbonate accumula- 
tion may have been slightly less than those shown 
in Fig. 4b. 
3. Atlantic-Pacific chemical fractionation: the sedi- 
mentary record 
Spatial variations of the lysocline and the 
Carbonate Compensation Depth (CCD) are closely 
tied to the ocean's circulation pattern. Detailed 
records of benthic foraminiferal 813C and Cd/Ca  
ratios as well as paired planktonic-benthic 14C 
data indicate that the chemical fractionation and 
conceivably also the advective flow of deep waters 
between the Atlantic and the Pacific has been 
reasonably stable during the late Pleistocene [26- 
30]. Comparison of sedimentary records of core 
sites from both oceans has further revealed that 
fluctuations of carbonate deposition have not been 
the same for both oceans, the differences being 
attributed to changes of formation rates of North 
Atlantic Deep Water [8,29]. We have chosen the 
stable isotope and carbonate record of North 
Atlantic DSDP Site 552 (56 ° N, 23 ° W; 2.3 km) as 
a reference for comparison to our North Pacific 
records. We have chosen this northern, shallow 
core site over other, deeper Atlantic core sites 
because it 'is close to the source of Atlantic deep 
waters also during glacial times, and because it 
has probably remained above lysocline-depth dur- 
ing most of the late Pleistocene. That is, DSDP 
Site 552 and our subarctic North Pacific core sites 
OXYGEN ISOTOPE STAGES 
112-,Isl I '1 I 11"1 1'31 I 's l l " l  I 2 
NORTH ATLANTIC 
- . . . . . .  0 .4  
D "T " ' '0 .2  
A u ~- 0 , , ! 
<~ ~ 0 200  400  600  800  
~.F  2 ' , ' , ' , 
NORTH PACIFIC 
q) 
1 
0 ~ ~  0 . 2 .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  , , , . , , ..... 0.4, 
0 200 400  600  800  
i l I I ~ I = 
2" 
NORTH ATLANTIC 
0 ~ 
2 1 ~ O 
8 O B 
~- loo ~ ,-' 
~j NORTH PACIFIC ~ "~ 
0 l _ , :::u 
,o 200  
-1  
o 2;0 6;0 800 
AGE (10OOvr  BP)  
Fig. 5. Comparison of carbonate and ~3C records from North Atlantic DSDP Site 552 and our North Pacific core sites. The North 
Pacific records are the mean between the records of cores END 77-29 and Y 70-5-64; all records are smoothed with a 15-kyr 
Gaussian filter at an effective step size of 5 kyr. (A) Carbonate accumulation. Shading shows sections where carbonate accumulation 
in the North Pacific is similar to (stippled sections) or higher than (diagonal ruling) at shallow North Atlantic DSDP Site 552. Phase 
estimates for the time intervals 0-200 kyr B.P. and 400-600 kyr B.P., where the coherency between the Atlantic and Pacific 
carbonate records is high, are 155 o + 25 o (80% confidence level) in the frequency bands equivalent to the 41kyr and 100-kyr periods. 
(B) Benthic ~13C records. Right hand axis is an estimated scale for Y~COz(org ). For discussion see text. 
124 R. ZAHN ET AL. 
are at the opposite ends of the deep-water path- 
way from the North Atlantic to the North Pacific, 
and also of the oceanic carbonate cycle. Percent 
carbonate data and benthic isotope profiles from 
Site 552 were available from Zimmermann et al. 
[30] and Shackleton and Hall [31]. The percent 
carbonate record was converted into a profile of 
carbonate accumulation following the same con- 
version procedure as described in section 2.2 using 
the time stratigraphy given in [31]. 
As Fig. 5A shows, carbonate deposition is 
nearly out of phase between the North Atlantic 
and the North Pacific during most of the late 
Pleistocene, the deep-Pacific values being higher 
than those documented at shallow, North Atlantic 
Site 552 during oxygen isotope stages 2, 6, 10, 13 
and 14. At the same time benthic foraminiferal 
613C values at our North Pacific core sites con- 
sistently remain more negative than those ob- 
tained at North Atlantic DSDP Site 552 (Fig. 5B). 
As we will show below, the combined pattern of 
carbonate and benthic 613C variation suggests 
major vertical migrations of the North Pacific 
lysocline in response to the ocean's alkalinity cycle, 
whereas the North Atlantic lysocline at Site 552 
remained reasonably stable at its modern depth 
position during the past 750,000 years. 
4. Carbonate dissolution: controls and proxies 
The distribution of CaCO 3 in deep sea sedi- 
ments is controlled by the flux of CaCO 3 to the 
seafloor and by the degree of carbonate ion 
saturation in seawater. We use the carbonate dis- 
solution model of Broecker and Peng [32] to de- 
termine the effect of varying degrees of carbonate 
undersaturation on the rate of carbonate dissolu- 
tion in the North Atlantic and the North Pacific. 
The model determines percent carbonate at depth 
( f )  and rates of carbonate dissolution as a func- 
tion of the degree of carbonate saturation of 
seawater (ACO~) ,  the rain rate (R) and the 
fraction of carbonate (FL) of the particle flux 
leaving the sea surface: 
ACO 2 ~ f  =R[ I  f (1 -FL )  - TL(i--7) ] (1) 
where ACO 2- is the difference between estimated 
[CO~-] (saturation) and measured [CO~-](in situ); 
2 
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Fig. 6. Vertical sections of carbonate ion saturation (ACO~ ) 
calculated from hydrographic profiles at Geosecs stations in 
the North Atlantic and the North Pacific. The ACO~ profiles 
have been computed using the equations of [34,35]. Also shown 
are the depth positions of the regional sedimentary l soclines 
as defined in [34]. 
~- is the pore water resaturation time (set here to 
90 s) and Ds is the carbonate ion diffusion coeffi- 
cient (set here to 4 × 10 -6 cm 2 s- l ) .  Modern input 
rates of carbonate to the North Pacific and the 
North Atlantic have been set to 1 g cm -2 kyr -  
and 1.8 g cm z kyr ~, respectively. These values 
have been estimated from the Holocene carbonate 
record of Site 552 and from sediment traps de- 
ployed in the North Pacific [33]. The sediment 
traps and Site 552 are above the regional lysoc- 
lines in the North Pacific and the North Atlantic 
and we assume that the carbonate fraction of the 
respective samples has not been affected by dis- 
solution thus allowing the use of the estimated 
carbonate fluxes as modern values for F L. The 
carbonate ion saturation (ACO~)  of the North 
Atlantic and North Pacific deep waters was de- 
termined using in situ data from Geosecs Stations 
29 and 30 (North Atlantic), and 217 and 218 
(North Pacific) which were nearest to the core 
sites. Vertical profiles of carbonate saturation (Fig. 
6) were determined using the equations given in 
Broecker and Takahashi [34] and by estimating 
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ion saturat ion (ACO 2 ) of seawater. Dissolution rates have 
been calculated after equation (1) and by using the ACO 2-  
profi les shown in Fig. 6. Carbonate flux to the seafloor was set 
to 1 and 1.8 g cm 2 kyr 1 for the North Pacific and North 
Atlantic Oceans, respectively. For discussion see text. 
the solubility product of calcite using the equation 
of Plath et al. [35]. All titrimetric 22CO 2 values of 
the Pacific Geosecs stations have been corrected 
by -15  ~mol kg -1 so as to compensate for a 
systematic overestimation due to incomplete data 
reduction by the original computation scheme [34]. 
As Fig. 7 shows, the carbonate dissolution 
model predicts rapidly increasing rates of 
carbonate dissolution at increasing concentrations 
of ECO 2 which in turn decrease the degree of 
carbonate ion saturation. The CCD being defined 
as the horizon where the rate of dissolution ex- 
ceeds the rate of CaCO 3 accumulation is reached 
in the North Atlantic and North Pacific at ACO~ 
values of -25  and 15 /~mol kg 1, respectively 
(Fig. 7). These degrees of undersaturation are re- 
ached at water depths just below 4 km in the 
North Pacific and below 5 km in the North 
Atlantic (Fig. 6) which is in good agreement with 
the regional depth positions of the foraminiferal 
CCD in both ocean basins [36]. 
The continued input and oxidation of marine 
organic matter results in a progressive lowering of 
~13Czco2 and a progressive increase of ZCO 2 as 
the deep-ocean water masses flow away from their 
sites of convection. The covariance between the 
concentration of ZCO 2 and 613C,zco2 in the deep 
ocean is described by the empirical regression 
equation [37]: 
(~13C~'co2 = (~13C(pref . . . . .  d) -- a- AOU (2) 
where  (~13C(preformed) is the carbon isotope com- 
position of dissolved 57CO z in the surface waters 
by the time convection occurs, AOU is the Ap- 
parent Oxygen Utilization given in units of /xmol 
kg 1 and a is the slope of the equation which 
defines the AOU gain per unit of 813C,,co 2de- 
crease and which is a function of the carbon 
isotope composition of the oxidizable carbon frac- 
tion. In the modern ocean,  (~13C(pre f . . . . .  d) and slope 
a are respectively + 1.5%o (PDB) and 0.0075 [37]. 
Using the benthic 613C records of our North 
Pacific sediment cores and of Site 552 as a proxy 
for 6~3C,zco2 we have applied equation (2) to 
estimate the amount of oxygen utilized by the 
oxidation of organic matter at the North Atlantic 
and North Pacific core sites. AOU has then been 
transformed into units of  "~CO2(org ) assuming a 
constant ratio of 1:1.3 between carbon release 
and oxygen consumption during oxidation of 
organic matter. As Fig. 5B shows, the benthic 
613C records imply that ZCO21org ) concentrations 
in deep waters of the North Pacific were continu- 
ously higher by some 160 ~mol kg ~ than in the 
North Atlantic. 
An apparent limitation of our ZCO 2 estimates 
arises from the fact that 613C,,co,_ is determined 
by the oxidation or organic matter and that the 
spatial distribution of 613C of the oceanic carbon 
fraction remains largely unaffected by the 61-~C of 
the inorganic carbon fraction which is released 
during the dissolution of carbonate. Also, 
613C(pref ...... d) and the carbon isotope composition 
of the oxidizable carbon fraction in the ocean may 
have systematically changed during glacial-inter- 
glacial times [9,10,38 40]. A sensitivity test of 
equation (2) (Fig. 8) shows that a reduction of 
~13C(pref . . . . .  d) and of 613C of the oxidizable carbon 
fraction in the ocean from modern values of re- 
spectively +1.5%o and -20%o (PDB) to glacial 
values of respectively +0.5%o and -30%0 (PDB) 
would reduce the ZCO2(org ) gain per unit 613C,,co: 
depletion by about 30%. That is, the interoceanic 
offset of Y.CO2~org) between the North Atlantic 
and the subarctic North Pacific as inferred from 
benthic ~13C (Fig. 5B) could have been reduced to 
110 /.tmol kg 1, if during glacial times the mean 
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Fig. 8. Sensitivity, test of the 813C AOU relationship to vary- 
ing 6t3C of the oxidizable carbon fraction in the oceans. If all 
marine organic carbon (813('= 20%r, PDB) would be re- 
placed by terrestrial organic carbon (81;C = 30%o PDB), this 
would reduce the gain of AOU (and thus of ZCO2) per unit 
• 81~(7 decrease by about 30~. 
carbon isotope composition of the oxidizable 
carbon fraction in the ocean has changed from a 
predominantly marine value of approximately 
-20%o (PDB) to a predominantly terrestrial value 
of close to -30%o (PDB). However, because such 
changes would have affected the world ocean uni- 
formly and synchronously, the interoceanic gradi- 
ent of benthic al3C would still support he conten- 
tion that deep waters in the North Pacific were 
continually enriched with ECO2(o~ relative to 
those of the North Atlantic. 
5. Pleistocene carbonate preservation and benthic 
~it3C: geochemical implications 
It has long been the consensus of paleoceanog- 
raphers that carbonate preservation was enhanced 
in the Pacific during glacial intervals (7,24,25,41]. 
At the same time carbonate dissolution in the 
deep Atlantic would have intensified uring gla- 
cial periods due to decreased eep-water ventila- 
tion thus resulting in a dissolution pattern oppo- 
site to that of the Pacific [7,8,42]. Reduced ventila- 
tion of the Atlantic during glacial times would 
have increased the >2CO 2 in Atlantic deep waters 
and thereby lowered the carbonate ion concentra- 
tion and enhanced carbonate dissolution. 
Whereas this concept appears to be consistent 
with the reduced rates of carbonate deposition 
and low benthic 8~3C values recorded in glacial 
sections from deep-Atlantic ore sites, it cannot 
explain the combined CaCO3-St3C signal at our 
North Pacific core sites. The apparent paradox 
between continuously low a13C and enhanced 
carbonate deposition can be resolved only by in- 
voking an increase of alkalinity in the glacial 
North Pacific which would have increased [CO 3 ] 
and thus also the state of carbonate preservation 
(Fig. 9). Ambient  deep waters at shallow North 
Atlantic DSDP Site 552 are today supersaturated 
with carbonate ions {Figs. 6 and 9) and Site 552 
has probably remained above lysocline-depth dur- 
ing most of the late Pleistocene. The fact that 
carbonate accumulation i the deep North Pacific 
O MODERN 
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Fig. 9. ZCO 2 alkalinity, diagram showing isolines of 
carbonate ion saturation (ACO 2 . i.e. [CO 2 ](in situ) minus 
CO2 ](~atu,,tionl)- A shift towards carbonate ion saturation i  
the deep North Pacific at increased glacial concentrations of 
ZCO 2 could have been achieved only if seawater alkalinity has 
simultaneously been increased. [CO~ ] at North Atlantic 
DSDP Site 552 would have remained above the saturation level 
during glacial times. Modern ACO 2 has been computed 
using in situ hydrographies at DSDP Site 552 (Z-2.3 kin: 
T=3.6°C, S 34.98, ">'CO 2=2182 ffmol kg l, Alk-2334 
/*tool L l) and of North Pacific Geosecs tations 217 and 218 
(Z 3.0 3.7 km: T=I.5°C, S-34.67, YCO2-2338 /*mol 
kg 1, Alk = 2430 ffmol L 1). Glacial ACO 2 has been esti- 
mated setting T -0°C  and increasing salinities and XCO 2 by 
1 and 50 #mol kg l, respectively, to accommodate glacial-oc- 
ean boundary conditions. 
CARBONATE DEPOSIT ION AND BENTHIC  ~13C IN THE SUBARCTIC  PACIF IC  127 
during glacial times was similar to or even higher 
than in the shallow North Atlantic provides dis- 
tinct evidence for major vertical fluctuations of 
the North Pacific lysocline. 
Applying thermodynamic relationships in the 
oceanic carbonate system [34], we can estimate the 
change in [CO 2-]  needed to bring the carbonate 
system at our core sites close to saturation by 
using Geosecs measurements of ECO 2 and Alk 
for the modern ocean. [CO 2 ] at North Pacific 
Geosecs stations 217 and 218 between 3.0 and 3.7 
km water depth is about 62 ~mol kg-1, which is 7 
/~mol kg-1 below the saturation level (i.e., ACO~ 
= -7 /xmol  kg t, Figs. 6 and 9). Assuming that 
equation (2) applies for the glacial ocean, we infer 
from benthic foraminiferal 8t3C that glacial ECO 2 
was 50 tzmol kg t higher, i.e., 2388 /~mol kg -1 
compared to 2338 ~tmol kg a today. If these val- 
ues apply for our core sites, glacial [CO 2 ] at 
these sites would have to be 23/xmol kg -1 higher 
than today to be near the lysocline (i.e., ACO 2 = 
0/xmol kg-1). For [CO~ ] to have increased by 23 
/~mol kg -1, Alk would have to have increased by 
about 64 ~mol 1 1 (Fig. 9). At DSDP Site 552 a 
glacial Y.CO 2 increase of 50 ktmol kg - t  would 
have decreased the carbonate ion saturation to a 
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Fig. 10. Simulated epth profiles of carbonate accumulation a d percent carbonate for the glacial North Pacific (full dot, solid lines) 
and North Atlantic (open triangle, dashed lines). The profiles were computed using equation (1). Symbols depict depth position 
below the lysocline and mean glacial carbonate values of the sediment cores. (a) Vertical carbonate distribution if the sedimentary 
lysocline was close to the core sites in the North Pacific and if the enhanced carbonate deposition was primarily due to an enhanced 
state of carbonate saturation of seawater. (b) Vertical carbonate distribution if the gradients of carbonate saturation i  the glacial 
North Pacific were similar to the modern and if the glacially enhanced carbonate deposition was primarily due to an increase of the 
carbonate flux. Modern depth position of the North Pacific cores in the diagrams would be about 2.5 km below the lysocline. 
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ACO 2- value of +11 /~mol kg -~, compared to 
+40 /~mol kg -~ today (Fig. 9). That is, glacial 
[CO 2 ] would still have been above the saturation 
level and glacial-interglacial carbonate fluctua- 
tions at Site 552 would have most likely resulted 
from a lower, glacial-stage carbonate productivity. 
This glacial carbonate preservation scenario is 
schematically illustrated in Fig. 10a. For compari- 
son, if the observed pattern of carbonated eposi- 
tion in the North Pacific were to be explained 
solely as a function of carbonate productivity, an 
increase of carbonate input and carbonate produc- 
tivity in the North Pacific from modern values of 
respectively 70% and I g cm -2 kyr 1 to glacial- 
maximum values of close to respectively 100% and 
20 g cm -2 kyr i would be required (Fig. 10b). 
This is unlikely and a change in carbonate pre- 
servation appears to be more realistic. If [CO~-] 
at our North Pacific core sites at about 3 km water 
depth was indeed close to saturation during the 
late Pleistocene glacial periods, this would imply 
that the lysocline in the subarctic North Pacific 
had dropped from an interglacial (= modern) 
depth position of about 500 m to almost 3 km 
during glacial times. This vertical shift of the 
lysocline would have been much larger than that 
estimated for the equatorial Pacific and the 
Atlantic where Pleistocene depth variations of the 
lysocline are believed to be less than 700 m [24,41]. 
If so, this would imply that chemical reorganiza- 
tions in the ocean during global climatic change 
[4,6] were largest in the North Pacific. 
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Stable isotope data for core END 77-29 
Depth Age Uvigerina spp. C. wuellerstorfi Depth 
in core (1000 yr 618 0 613C 61SO 613C in core 
(m) B.P.) (m) 
Age Uvigerina spp. 
(1000 yr 61SO 613C 
B.P.) 
C. wuellerstorfi 
6Is O 623 C 
0.00 18.00 4.26 -0 .51  3.04 248.80 4.01 
0.06 26.00 3.85 0.45 3.09 251.00 4.01 
0.12 31.00 4.55 -0 .89  3.13 257.50 3.98 
0.19 38.00 4,49 -0 .90  3.18 261.67 4.04 
0.23 45.00 4.28 - 1.01 3.23 265.80 4.13 
0.31 55.00 4.45 - 0.99 3.28 270.00 5.46 - 0.99 3.67 
0.34 60.00 4.64 - 0.94 3.36 277.50 4.40 - 1.22 
0.37 63.90 3.80 - 0.21 3.64 284.00 3.43 
0.42 65.00 4.60 - 1.22 3.69 288.00 3.38 
0.47 68.00 4.58 - 1.06 3.94 - 0.44 3.74 294.00 3.72 
0.53 71.00 3.56 - 0.30 3.79 300.00 3.59 
0.59 80.00 3.56 - 0.42 3.83 306.38 3,65 
0.65 88.00 4.26 - 0.84 3.92 315.00 3.31 
0.70 94.50 4.24 - 0.98 3.96 319.31 3.25 
0.73 99.62 3.98 - 0.88 3.43 0.69 4.04 323.62 3.50 0.95 
0.76 102.73 3.49 - 0.78 4.13 331.00 3.15 - 1.06 
0.93 122.00 3.26 -0 .39  4.17 332.34 3.19 -0 .95  
1.10 124.06 4.11 -0 .86  4.21 333.68 3.31 -0 .97  
1.15 126.12 3.94 -0 .78  4.25 342.00 4.00 
1.17 127.06 4.77 - 1.33 4.11 - 0.69 4.30 346.50 3.82 
1.20 127.53 3.67 - 0.48 4.34 350.00 3.88 
1.25 128.00 3.85 - 0.92 3.43 0.39 4.38 355.00 3.78 
1.30 131.50 3.12 -0 .31  4.50 361.00 3.79 
1.36 135.00 4.27 0.56 4.55 364.00 3.68 
1.41 140.50 4.15 -0 .54  4.60 368.00 3.48 
1.47 146.00 4.75 - 1.29 4.65 371.50 3.68 
1.54 147.31 4.19 - 0.58 4.70 375.00 3.57 
1.58 148.62 4.81 - 1.20 4.27 - 0.56 4.75 380.00 3.67 
1.64 149.81 4.13 -0 .70  4.80 382.50 3.42 
1.68 151.00 4.33 0.59 4.85 388.00 3.38 
1,71 153.97 4.18 - 0.60 4.95 395.00 3.22 
1.74 155.46 4.26 -0 .67  5.00 399.00 3.13 -0 .96  
1.77 156.94 4.27 - 0.57 5.05 402.67 3.36 - 0.63 2.72 
1.82 159.60 4.21 -0 .56  5.10 406.33 3.32 -0 .64  2.73 
1,86 162.25 4.12 -0 .55  5.15 410.00 2.65 
1,90 164.91 3.93 -0 .46  5.20 417.89 3.23 -0 .79  3.42 
1,95 167.56 3.72 - 0.54 5.25 428,00 3.80 
2,00 170.39 3.76 -0 .64  5.30 430.33 4.18 
2,05 173.22 3.75 - 0.63 5.35 431.56 4.05 
2,10 175.33 3.99 -0 .76  5.40 432.78 4.22 
2,15 177.44 4.55 - 1.15 3.90 - 0.58 5.45 435.00 4.49 
2,19 180.22 3.91 -0 .88  5.50 438.13 4.22 
2,27 182.00 4.82 - 1.20 5.55 441.25 4.40 
2.32 190.35 4.05 - 0.61 5.60 444.38 4.10 
2,37 195.00 4.18 - 1.38 5.65 447.50 4.27 
2,48 203.00 4.68 - 1.52 5.70 450.63 4.77 - 1.16 4.07 
2,72 207.00 4.78 - 1.38 5.75 453.75 3.99 
2,78 216.00 2.90 -0 .25  5.80 456.88 3.99 
2.85 228.00 4.44 - 1.33 5.85 460.00 4.66 - 1.15 3.80 
2.92 238.00 3.71 - 0.78 3.31 - 0.37 
-0 .62  
-0 .62  
-0 .62  
-0 .70  
-0 .57  
- 0.80 
- 0.60 
-0 .71  
-0 .61  
-0 .89  
-0 .76  
- 0.47 
-0 .61  
-0 .77  
- 0.69 
-0 .73  
-0 .73  
- 0.74 
- 1 . 0 7  
- 0 . 8 4  
-0 .83  
-0 .85  
-0 .58  
-0 .87  
-0 .56  
-0 .75  
0.01 
-0 .14  
0.09 
- 0,69 
-0 .65  
- 0.99 
-0 .52  
-0 .78  
-0 .91  
- 0.92 
-0 .75  
-0 .73  
- 0.69 
-0 .59  
- 0.69 
-0 .68  
- 0.66 
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Stab le  isotope data  (% PDB)  for Core  Y 70-5-64 
Depth  Age 
in core (1000 
(m) B.P.) 
Uvigerina spp. 
yr 8180 813C 
C wuellerstorfi 
81s O 813C 
Depth  Age 
in core (1000 
(m) B.P.) 
Uvigerina spp. 
yr 618 0 813 C 
C. wuellerstorfi 
81s 0 813C 
0.05 18.00 4.86 1.03 4.71 287.00 3.81 - 0.51 
0.11 18.40 4.18 -0 .92  3.96 0.39 4.81 300.50 4.38 -1 .34  3.81 -0 .51  
0.15 18.60 4.23 0.40 4.91 314.00 4.32 1.45 3.31 -0 .47  
0.21 19.00 4.26 0.14 5.01 317.78 4.16 -1 .45  3.43 -0 .40  
0.25 23.25 4.60 -0 .71  3.78 -0 .28  5.11 321.56 3.84 -1 .11  3.59 0.46 
0.31 27.50 4.56 - 0.87 3.90 - 0.21 5.21 325.33 3.99 1.25 3.56 - 0.22 
0.36 31.75 4.48 - 0.88 5.31 329.11 3.92 0.86 
0.41 36.00 4.35 -0 .95  4.06 -0 .51  5.41 335.33 3.89 -1 .04  3.33 -0 .75  
0.46 40.25 4.44 - 1.03 3.91 - 0.41 5.51 344.00 4.23 - 1.20 3.99 - 0.65 
0.51 44.50 4.53 - 1.12 3.96 0.42 5.61 352.71 4.61 - 1.41 4.03 0.83 
0.56 48.75 3.87 - 0.29 5.71 361.43 4.37 - 1.39 4.06 - 0.70 
0.61 53.00 4.47 - 1.09 5.81 370.14 3.97 - 1.58 
0.65 59.00 4.65 - 1.02 3.99 - 0.34 5.91 378.86 3.84 - 0.72 
0.65 59.00 4.65 - 1.11 6.01 387.57 4.62 - 1.33 3.62 - 0.79 
0.71 65.00 4.67 - 0.92 6.09 394.54 4.39 - 1.21 3.72 - 0.57 
0.76 74.50 4.70 -0 .87  3.62 -0 .31  6.21 405.00 3.10 -0 .55  3.62 -0 .31  
0.76 74.50 3.72 -0 .40  6.31 414.67 3.48 -0 .73  
0.81 84.00 4.21 - 0.95 3.54 - 0.23 6.41 424.33 3.98 - 1.25 
0.86 93.50 4.10 1.01 3.53 - 0.31 6.51 434.00 5.04 - 1.49 
0.86 93.50 3.56 -0 .18  6.71 452.00 4.27 -0 .43  
0.91 103.00 3.62 - 1.06 3.52 -0 .46  6.81 461.00 3.83 0.69 
0.96 112.50 4.22 - 0.76 3.48 - 0.31 6.91 464.33 4.69 - 1.21 3.84 - 0.61 
1.01 122.00 3.57 1.19 3.53 -0 .27  7.01 467.67 4.57 1.35 4.10 -0 .52  
1.05 123.78 4.05 - 0.78 3.33 - 0.24 7.11 471.00 4.73 - 1.38 4.02 - 0.46 
1.11 126.46 3.98 - 0.79 3.48 - 0.35 7.21 472.67 4.43 1.42 3.91 - 0.45 
1.17 129.14 4.59 -1 .05  3.53 -0 .38  7.31 474.33 4.43 -1 .39  3.94 -0 .30  
1.21 130.92 4.49 -1 .17  3.59 -0 .46  7.41 476.00 3.93 -0 .22  
1.27 133.60 4.78 - 1.14 7.51 477.67 4.34 1.15 
1.31 135.38 4.43 -1 .17  4.18 -0 .50  7.61 479.33 4.12 -0 .99  3.52 -0 .39  
1.37 138.06 4.69 -1 .10  7.71 481.00 3.95 -0 .85  3.09 -0 .50  
1.41 139.85 4.44 - 1.34 3.75 - 0.68 8.11 491.00 3.75 - 0.80 3.34 - 0.24 
1.51 144.31 4.50 -1 .43  4.16 -0 .51  8.21 496.50 3.73 -0 .87  3.18 -0 .14  
1.61 148.77 4.41 - 1.37 4.00 - 0.43 8.31 502.00 3.71 - 0.82 2.99 - 0.25 
1.66 151.00 4.75 -1 .31  4.11 -0 .54  8.41 513.00 4.35 -0 .66  3.38 -0 .10  
1.71 153.23 4.49 - 1.34 4.04 - 0.42 8.51 525.00 3.92 - 1.00 
1.76 155.46 3.89 - 0.67 8.61 531.33 4.24 - 0.96 3.54 - 0.49 
1.81 157.69 4.57 - 1.41 3.86 0.62 8.71 537.67 4.39 - 1.33 3.66 - 0.52 
1.86 159.92 4.28 - 1.24 8.81 544.00 3.57 - 1.11 3.74 - 0.44 
1.91 162.15 4.54 -1 .25  3.93 -0 .51  8.91 550.33 4.63 -1 .15  3.50 -0 .47  
1.95 163.94 3.86 - 0.59 9.11 563.00 4.51 - 1.15 3.75 - 0.38 
2.01 166.62 4.32 1.11 3.97 - 0.48 9.21 565.75 4.31 - 1.18 3.60 - 0.60 
2.05 168.40 4.41 - 1.13 9.31 568.50 3.96 - 1.10 3.42 - 0.30 
2.11 171.08 4.26 - 1.23 9.41 571.25 3.90 - 1.03 3.35 - 0.13 
2.15 172.86 4.40 -1 .23  9.51 574.00 3.73 -0 .92  3.28 -0 .57  
2.21 175.54 4.27 -1 .24  9.60 585.00 4.13 -0 .31  
2.24 176.88 4.45 - 1.11 9.61 586.00 4.23 - 1.11 
2.34 181.34 4.47 - 1.37 9.71 596.00 4.14 - 1.02 3.52 - 0.40 
2.44 185.80 4.37 1.15 9.91 607.00 4.54 -1 .15  4.32 -0 .63  
2.51 188.92 4.53 - 1.06 3.87 -0 .65  10.01 617.00 3.44 - 1.16 
2.55 190.71 3.78 - 0.61 10.11 628.00 5.13 - 1.28 4.31 - 0.57 
3.41 229.08 4.21 - 1.04 10.21 638.17 4.97 1.36 4.28 -0 .58  
3.51 233.54 4.36 - 1.01 3.66 - 0.41 10.31 648.33 5.00 - 1.23 4.35 - 0.40 
3.61 238.00 3.56 - 0.80 10.41 658.50 4.67 - 1.58 4.15 - 0.68 
3.71 256.24 4.71 - 1.22 3.92 -0 .56  10.51 668.67 4.29 - 1.35 3.99 - 0.71 
3.78 269.00 3.94 - 0.67 10.61 678.83 4.45 - 1.25 3.76 - 0.48 
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Depth Age Uvigerina spp. C wuellerstorfi Depth 
in core (1000 yr 318 O (~13 C 6180 613C in core 
(m) B.P.) (m) 
Age Uvigerina spp. C. wuellerstorfi 
(1000 yr 618 0 613C ~18 O 613C 
B.P.) 
4.21 277.32 3.98 - 0.68 10.71 
4.51 283.13 3.81 - 0.68 10.81 
10.91 700.00 4.71 - 1.22 11.21 
11.01 711.00 4.42 - 1.44 3.72 0.93 11.31 
11.11 721.00 4.58 - 1.37 11.41 
689.00 4.18 1.11 3.55 - 0.73 
694.50 4.66 - 1.17 3.93 - 0.59 
726.00 4.14 1.37 3.60 - 0.45 
731.00 4.03 - 1.08 3.47 - 0.54 
740.00 4.65 -1.41 3.78 - 0.76 
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